Abstract. Triptolide (TPL) is an active extract from a Chinese herb, which has been used for centuries in China. TPL exhibits numerous bioactivities and pharmacological effects, including antitumor, anti-inflammatory and immunosuppressive activities. However, previous studies have further revealed a multi-target toxicity of TPL, including reproductive toxicity, hepatotoxicity and renal cytotoxicity. To validate the clinical benefit and reduce the risk of TPL application, studies have investigated the combination of TPL with other reagents to allow lower doses and decrease toxicity. The present study reported that TPL and the insulin-like growth factor-1 receptor (IGF1R) inhibitor AG1024synergistically inhibited cell proliferation and induced apoptosis in triple-negative breast cancer cells. Overexpression of B-cell lymphoma 2 partially reversed the TPL and AG1024-induced increase in apoptosis. A similar synergistic effect was observed with a combination of AG1024 and cisplatin, a DNA damage inducer, in MDA-MB-231 cells. These results suggested that inhibition of IGF1R may sensitize triple-negative breast cancer cells to DNA damage inducers. Using publicly available data from The Cancer Genome Atlas, an amplification and gain of copy number of IGF1R was observed in 38% of triple-negative breast tumors (n=82), 26% of estrogen receptor (ER)-negative tumors (n=174) and 10% of ER-positive tumors (n=594). Similarly, a higher alteration frequency of IGF1R was identified in basal-like breast tumors compared with luminal A/B-like breast tumors. Overexpressed proteins associated with these alterations were revealed to be significantly enriched in multiple oncogenic signaling pathways, key transcription factor networks and DNA repair pathways. In summary, the present study suggested that inhibition of IGFR signaling and induction of DNA damage may exhibit synergistic effects for the treatment of triple-negative and ER-negative breast cancer.
Introduction
Triptolide (TPL) is an active extract obtained from the Chinese herb Tripterygium wilfordii that has been used for centuries to treat autoimmune diseases in China (1) . Numerous studies have reported that TPL has antitumor, anti-inflammatory and immunosuppressive activities. The antitumor activity of TPL has been investigated in various types of cancer cells in vitro and in vivo (2) . Furthermore, recent studies have revealed that TPL enhances the sensitivity of cancer cells to chemotherapy by inducing apoptosis (3, 4) . To the best of our knowledge, among all the cancer types that have been investigated, breast cancer exhibits the highest sensitivity to TPL (5) . Breast cancer is a common type of cancer in females. A number of distinct molecular subtypes of breast cancer exist, including luminal A, luminal B, human epidermal growth factor receptor 2 (HER2)-positive, basal-like and normal-like (6, 7) . In total, ~70% of cases of triple-negative breast cancer exhibit a basal-like subtype (8) . The treatment of breast cancer, particularly triple-negative breast cancer, is a challenge due to the lack of targets, including for hormone receptors and amplified HER2 expression levels (9) . The associated molecular mechanisms by which TPL inhibits breast cancer cells have been investigated. n In breast cancer, TPL induces p53-dependent and lysosomal-mediated apoptosis, and inhibits numerous oncogenic signaling pathways, including the Wnt/β-catenin, the protein kinase B (Akt) and the focal adhesion kinase-signaling pathway (3, 10, 11) . Notably, TPL inhibits key transcriptional factors, including MYC and estrogen receptor (ER), which suppresses associated target networks (12, 13) .
Although TPL exhibits a number of bioactivities and pharmacological effects, the clinical application of TPL has been restricted due to a number studies reporting multi-target toxicity of the extract, including reproductive toxicity, hepatotoxicity and renal cytotoxicity (14, 15) . Numerous studies have attempted to identify a combination of TPL with other regents, which support the function of TPL at a low dose and reduce the toxicity (16) (17) (18) . It has been reported that inhibition of ER-negative breast cancer cell growth requires a high dose Inhibition of insulin-like growth factor 1 signaling synergistically enhances the tumor suppressive role of triptolide in triple-negative breast cancer cells of TPL, which may induce toxicity (19) . The present study investigated a new strategy to enhance TPL sensitivity in triple-negative breast cancer cells. Increased expression and activation of insulin-like growth factor-1 receptor (IGF-1R) and its associated downstream signaling components has been reported in clinical breast cancer samples, and has been associated with disease progression and recurrence (20) . Furthermore, overexpression of IGF1R has been demonstrated to be associated with radio-or tamoxifen-resistant breast cancer cells. The IGF1R inhibitor AG1024 reduces this resistance by inhibition of IGF1R signaling (21). The present study reported that AG1024 synergistically enhanced apoptosis induced by low doses of TPL and cisplatin in the triple-negative breast cancer cells MDA-MB-231. In addition, high amplification of IGF1R in triple-negative tumors may serve as a potential target of a combination of AG1024 and DNA damage reagents. Cell viability assay. MDAMB231 and MDA-MB-436 cells were seeded in 96-well plates at a density of 4x10 3 cells/well, followed by treatment with DMSo or increasing doses of TPL (5 to 80 nM) and AG1024 (1 to 40 µM) for 3 days at 37˚C. Cells were then incubated with 10 µl CCK-8 reagent for 1 h and the optical density value was measured at 450 nm, according to the manufacturer's protocol.
Materials and methods

Chemicals
Cell cycle analysis. Cell cycle analysis was performed to evaluate the number of cells in the sub-G1 phase. MDA-MB-231 cells were seeded at 60% confluence and allowed to attach overnight. Cells were then treated with various concentrations of drugs (10 nM TPL, 10 µM AG1024, or 1 µM cisplatin) for 96 h at 37˚C, trypsinized, washed with PBS and fixed in 70% ethanol at -20˚C overnight. Prior to analysis, cells were washed with PBS, suspended in cold propidium iodide (PI; Sigma-Aldrich; Merck KGaA) solution (50 µl/ml in PBS) and incubated at room temperature in the dark for 30 min. Flow cytometry was then performed using a flow cytometer (BD FACSAria system) and analyzed using BD FACSDiva software version 5.0 (BD Biosciences, uSA).
Transient transfection assay.
A reverse transfection protocol was used to knockdown IGF1R by small interfering RNA (siRNA). 25 nM SMARTpool siRNAs (si IGF1R, L -0 03012-0 0 -0 0 05; a nd non-t a rget i ng siRNA;,D-001810-0X; GE Healthcare Dharmacon, Inc., Lafayette, Co. USA) was transfected into MDA-MB-231 cells using RNAiMAX (Invitrogen; Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Western blotting. Cells were harvested and lysed in radioimmunoprecipitation assay buffer (Invitrogen; Thermo Fisher Scientific, Inc.). Lysates were centrifuged at 10,000 x g for 15 min at 4˚C and supernatants were collected as whole cell extracts. The protein concentration was determined using a Pierce™ Coomassie Plus (Bradford) assay kit (Thermo Fisher Scientific, Inc.). Equivalent amounts (20 µg) of protein were separated by SDS-PAGE (4-12%) and transferred to a PVDF membrane. Following blocking with 5% milk at room temperature for 1 h, the membranes were incubated with the corresponding primary antibodies for 2 h and horseradish peroxidase-conjugated secondary antibodies at room temperature (Santa Cruz Biotechnology, Inc.; cat. no. sc-2005 and sc-2004, 1:8,000) for 1 h. Protein bands were detected using an ECL reagent (Thermo Fisher Scientific, Inc.). ImageJ software (version 1.41; National Institutes of Health, Bethesda, MD, USA) was used to quantify the blots.
Bioinformatics analysis. The amplification of IGF1R in different subtypes of breast tumor was analyzed using data regarding breast invasive carcinoma from The Cancer Genome Atlas (TCGA) (23, 24) with the online cBioPortal for Cancer Genomics platform (http://www.cbioportal.org) (25) . The ER status determined by immunohistochemistry was selected for the analysis of the association between IGF1R expression and ER status. A list of the overexpressed proteins associated with genomic alterations of IGF1R in TCGA cohort was downloaded using cBioPortal. Gene ontology and pathway analysis of the overexpressed proteins were performed using the ToppGene online tool (26) .
Statistical analysis. Experiments were replicated a minimum of three times. Data are presented as the mean ± standard error of the mean. GraphPad Prism software, version 7 (GraphPad Software, Inc., La Jolla, CA, uSA) was used to conduct statistical analyses; unpaired t-test and one-way ANoVA (followed by Dunnett's test) were used to compare the experimental groups with the control group. P<0.05 was considered to indicate a statistically significant difference. TPL and AG1024 on triple-negative breast cancer cell growth, MDA-MB-231 and MDA-MB-436 cells were treated with various doses of the two drugs and the viability was measured. After 3 days of treatment, TPL and AG1024 inhibited cell viability in a dose dependent-manner for the two cell lines (Fig. 1A and B) . The sensitivity of MDA-MB-436 cells to TPL and AG1024 was higher compared with MDA-MB-231 cells, potentially due to the presence of a mutant BRCA1 (27) . To evaluate synergistic effects, a combination of low doses (10 nM TPL and 10 mM AG1024) at which TPL or AG1024 alone cannot markedly inhibit cell growth was selected for cell proliferation assays with MDA-MB-231 cells. Notably, this combination of TPL and AG1024 inhibited cell viability by ~60% after 3 days of treatment (Fig. 1C) . TPL and AG1024 at a low dose (10 nM TPL and 10 mM AG1024) alone only inhibited cell growth by ~20% (Fig. 1A and B) . After 5 days, a combined treatment inhibited cell growth by ~80%. To specifically inhibit IGF1R, cells were transfected with siIGF1R and the transfection efficiency was confirmed by western blot analysis (Fig. 1D) . siIGF1R alone inhibited cell viability by ~30% by day 3, while a combination of TPL and siIGF1R inhibited cell viability by ~60% (Fig. 1D) . These results are consistent with the results of TPL and AG1024-treatment, which suggested that the synergistic effect was specific to the inhibition of IGF1R rather than other targets of AG1024.
Results
TPL and AG1024 synergistically inhibit the proliferation of triple-negative breast cancer cells. To evaluate effects of
TPL and AG1024 synergistically induce apoptosis of triple-negative breast cancer cells. TPL has been reported to induce apoptosis of MDA-MB-231 cells (2) . Therefore, flow cytometry was used in the present study to evaluate the effects of a combination of drugs on apoptosis. The sub-G1 cell population is understood to represent apoptotic cells. Following 4 days of treatment, 10 nM TPL increased the percentage of cells in the sub-G1 population to ~20%, while 10 µM AG1024 did not induce apoptosis ( Fig. 2A and B) . However, after 4 days of treatment with TPL and AG1024, the percentage of cells in the sub-G1 cell population was ~50% ( Fig. 2A and B) . These results were confirmed by western blotting. Notably, a high expression of cleaved caspase-3 was detected in TPL and AG1024-treated cells, while only a small amount of cleaved caspase-3 was detected in TPL-treated cells (Fig. 2C) . In summary, these results suggested a synergistic effect of TPL and AG1024 in MDA-MB-231 cells. 
Overexpression of Bcl-2 partially inhibits TPL and AG1024-induced apoptosis.
It has been reported that TPL induces caspase-mediated Bcl-2 cleavage, which contributes to TPL-induced apoptosis in MDA-MB-231 cells (28) . Therefore, the present study transiently overexpressed Bcl-2 and treated the transfected cells with a combination of TPL and AG1024. Bcl-2 was successfully overexpressed in MDA-MB-231 cells (Fig. 3A) . After 3 days of treatment with TPL and AG1024, the percentage of apoptotic cells in the Bcl-2 overexpressing group was significantly lower compared with the control group ( Fig. 3B and C) . This suggested cleavage of Bcl-2 may serve an important role in TPL and AG1024-induced apoptosis. (29) . In MDA-MB-231 cells, TPL and AG1024 induced DNA damage, evidenced by a higher phosphorylation level of the DNA damage marker H2A.X (Fig. 4A) . Notably, treatment with TPL and AG1024 increased H2A.X phosphorylation to a greater extent compared with treatment with TPL or AG1024 alone (Fig. 4A) . It is hypothesized that AG1024 served a synergistic role with other DNA damage reagents. The DNA damage inducer cisplatin was selected to test this hypothesis. A low dose of cisplatin (1 µM) resulted in 8.3% of apoptotic cells, while a combined treatment of cisplatin (1 µM) and AG1024 (10 µM) significantly increased the number of apoptotic cells compared with cisplatin alone (Fig. 4B and C) . These results suggest that a combined use of AG1024 and DNA damage reagents may provide a new approach for breast cancer treatment.
Synergy between AG1024 and DNA damage-inducing reagents enhances apoptosis in MDA-MB-231 cells. TPL has been reported to induce DNA damage in cancer cells
High level of IGF1R in ER-negative breast cancer.
A high expression level of IGF1R has been reported in triple-negative MDA-MB-231 cells (30) . Therefore, it was hypothesized that inhibition of IGF1R may increase the sensitivity of MDA-MB-231 cells to TPL and cisplatin, due to a higher activity of IGF1R signaling. The present study evaluated whether increased IGF1R expression was observed in patients with ER-negative breast cancer compared with patients with ER-positive breast cancer in TCGA clinical cohort (Fig. 5) . Notably, genomic alteration of the IGF1R gene was observed in 18% of cases in the breast invasive TCGA cohort (Fig. 5A) . In addition, a higher frequency of IGF1R amplification (Amp) and copy number gain (Gain) was observed in patients with ER-negative breast cancer compared with ER-positive breast cancer.
To further evaluate, the present study investigated the frequency of IGF1R alterations, including Amp and Gain, in patients with ER-positive (n=594), ER-negative (n=174) and triple-negative (n=82) cancer. IGF1R alteration was observed in 10% of the ER-positive group (4% Amp, 6% Gain), 26% of the ER-negative group (6% Amp, 20% Gain) and 38% of the triple-negative group (10% Amp, 28% Gain; Fig. 5B ). It has been reported that basal-like breast cancers are more aggressive compared with luminal A/B-like tumors, and the majority of basal-like subtypes are typically negative for ER, PR and HER2 (24) . Similarly, the present study observed genomic alteration of IGF1R in 26% of basal-like tumors (3% Amp, 23% Gain) and only 11% of luminal A/B-like tumors (4% Amp, 7% Gain; Fig. 5C ). In summary, these data suggested IGF1R was highly amplified and expressed in ER-negative and basal-like breast cancer.
To understand the pathways associated with genomic alterations of IGF1R in clinical samples, the present study downloaded a list of overexpressed proteins that are positively associated with an alteration of IGF1R (Amp/Gain) using the cBioPortal (Fig. 5D) . Pathway analysis was performed with these proteins using the ToppGene online tool. The overexpressed proteins associated with IGF1R alteration were identified to be significantly enriched in multiple oncogenic signaling pathways (Fig. 5E ). As expected, proteins were revealed to be significantly enriched in IGF1R signaling. Furthermore, enrichment of phosphatidylinositol 3-kinase (PI3K)/Akt and mammalian target of rapamycin signaling activation was observed. Networks of key transcription factors, including E2 factor, forkhead box M1 and MYC, were revealed to be activated in the cases with IGF1R alteration. In addition, the proteins associated with IGF1R were enriched in DNA repair pathways. Certain proteins were identified to be enriched in the platinum drug resistance pathway, which may explain the synergistic effects of cisplatin and AG1024 observed in the present study. 
Discussion
TPL has been reported to exert potent anticancer effects via multiple molecular targets and signaling pathways. However, the side effects of TPL limit its clinical application for the treatment of cancer (2) . The present study demonstrated that the IGF1R inhibitor AG1024 increased the sensitivity of triple-negative breast cancer cells to TPL. Therefore, it was suggested that inhibition of IGF1R signaling and induction of DNA damage may have synergistic effects in the treatment of ER-negative or triple-negative breast cancer. Notably, the current study identified a higher amplification of IGF1R in ER-negative and basal-like breast cancer.
A previous study reported that the ER-positive breast cancer cells (MCF-7) were more sensitive to TPL treatment due to repression of the ER pathway by TPL, and that TPL-induced apoptosis of MDA-MB-231 cells was ER-independent (19) . In addition, it has been reported that MDA-MB-231 cells possess a high IGF1R expression (30) , which indicates IGFR1 may serve a role in cell survival. Consistent with previous studies, the present study observed that inhibition of IGF1R signaling by AG1024 inhibited cell viability. A combined use of TPL and AG1024 at low doses demonstrated a high potency compared with single drug application. This may be due to a higher level of IGFR1 signaling in ER-negative breast cancer cells (30) . It has been reported that suppression of the IGF system with AG1024 augments cisplatin-induced DNA damage (30) . Consistent with these findings, the present study identified that AG1024 enhanced cisplatin-induced apoptosis of MDA-MB-231 cells. Similarly, TPL has been revealed to induce DNA damage in cancer cells (31) . These results suggested a possible synergistic function of IGF1R signaling inhibition and inducement of DNA damage.
Previously, it has been reported that patients with IGF1R-postive/ER-negative breast cancer have a worse prognosis compared with patients with IGF1R-negative/ER-negative breast cancer (32) . However, the association of IGF1R signaling with ER status and the aggressiveness of breast cancer remains controversial. A previous study reported the differing effects of IGF1R expression on the prognosis of patients with ER-positive vs. triple-negative invasive ductal breast carcinoma (IDC) (33) . IGF1R expression in ER-positive IDC is strongly associated with a favorable disease-free survival (DFS) time; however, IGF1R expression is associated with a shorter DFS for patients with TN-IDC. The aforementioned studies were all performed based on immunohistochemical staining of IGF1R to determine its protein expression. To the best of our knowledge, the present study was the first to identify a higher Amp and Gain of IGF1R in ER-negative breast cancer compared with ER-positive cancer. Furthermore, a difference in the amplification frequency of IGF1R was revealed between luminal A/B-like and basal-like breast tumors.
IGF1R signaling activates several downstream signaling pathways, including the PI3K/Akt signaling pathway and mitogen-activated protein kinase pathway (34, 35) . In the enrichment analysis performed in the current study, a number of oncogenic signaling pathways were identified to be associated with alterations of IGF1R, which may contribute to the IGF1R-driven aggressiveness. The EGFR inhibitor resistance pathway was also associated with the alteration of IGF1R.
This observation was consistent with a previous study in which AG1024 has been demonstrated to enhance the apoptotic effects of EGFR inhibitor in human breast cancer cells (36) . Therefore, a high alteration of IGF1R in ER-negative tumors may indicate a greater extent of activated oncogenic signaling compared with other tumors. Inhibition of IGF1R signaling indirectly targets multiple key pathways (37) . The synergistic effect of TPL and AG1024 may be due to shared targets, including the PI3K/Akt signaling pathway and MyC. DNA repair pathways were revealed to be associated with the alteration of IGF1R, which suggests tumors with an IGF1R alteration may demonstrate a higher resistance to chemo-or radiotherapy. Therefore, a combination of IGF1R inhibitor and DNA damage reagents, including TPL and cisplatin, may serve as an effective strategy for the treatment of ER-negative or basal-like breast cancer.
In conclusion, the present identified a synergistic role of TPL and AG1024 in breast cancer cells. These results suggested that a potential new treatment strategy for ER-negative breast cancer may involve a combination of TPL and AG1024 at low doses, which may reduce the toxicity of the two drugs. Furthermore, a similar synergistic effect was revealed for AG1024 and cisplatin. Notably, a high amplification of IGF1R was identified in aggressive subtypes of breast cancer, including ER-negative and basal-like breast cancer. In summary, the results of the present study suggested that a combination of DNA damage reagents and inhibitors of IGF1R signaling may be a promising approach for the treatment of cancer types with activated IGF1R signaling.
